We have investigated the stability and conductivity of unsupported, two dimensional infinite gold nanowires using ab-initio density functional theory (DFT). Two dimensional ribbon like nanowires, with 1-5 rows of gold atoms in the non-periodic direction and with different possible structures have been considered. The nanowires with > 2 rows of atoms exhibit dimerization, similar to finite wires, along the non-periodic direction. Our results show that in these zero thickness nanowires, the parallelogram motif is the most stable. A comparison between parallelogram and rectangular shaped nanowires of increasing width indicates that zero thickness (111) oriented wires have a higher stability over (100). A detailed analysis of the electronic structure, reveals that the (111) oriented structures show increased delocalization of s and p electrons in addition to a stronger delocalization of the d electrons and hence are the most stable. The density of states show that the nanowires are metallic and conducting except for the double zigzag structure, which, is semiconducting. Conductance calculations show transmission for a wide range of energies in all the stable nanowires with more than two rows of atoms. The conductance channels are not purely s and have strong contributions from the d levels and weak contributions from the p levels.
I. INTRODUCTION
Structural stability of gold nanowires (NWs) and the resulting effect on conductance is of interest not only from its applicatory value but also for its basic physics studies. Finite size effects, resulting from the thinning of wires, on the structural stability and electronic properties is an interesting topic for study. Yanson et al.
1 and Ohnishi et al. 2 showed experimentally that gold NWs fabricated between the two electrodes during the thinning process transform successively from quadruple to linear strands. The conductance quanta in these NWs changed from 4 to 1 G o (where, G o = 2e 2 /h). They also found that the (111) and (100) atomic sheets had a stable structure and deformation of the atomic sheets lead to an increase in the conductance. Theoretically, a first systematic investigation in NWs of gold was performed by Sanchez-Portal et al., 3, 4 where-in, the authors observed that zigzag
NWs were more stable than single atomic chains (SAC) and other nano-structures. It is well known from Peirel's argument, 5 that SAC would be less stable than either bi-atomic chains (BAC) or zigzag structures. Hence, zigzag structures contributed a important finding in Sanchez-Portal's paper. More recently, F. Tavazza et al. 6, 7 have performed a relatively more detailed theoretical investigation of gold wires under tensile stress and strain. They observed that gold wires elongate to form single atom chains (SAC) just before fracture via a series of intermediate structural transformations. The authors investigated seven structures as a starting point and investigated evolution of these into single atom chains under tensile strain. The authors also observed 2D structures are energetically more favorable than 3D
structures. However, this study was limited only to the stability of structures under stress and strain. There are no reports in literature on detailed investigations into the electronic origins of quantum conductance of wires different than linear.
Most of the theoretical and experimental investigations published so far are limited largely to structural stability and the measurement of conductance in gold NWs pulled from atomic tips. [8] [9] [10] [11] [12] [13] [14] Furthermore most of the investigations are limited to single or double rows of gold NWs. The short length (4-5 atoms) and double row chains have limited potential for practical applications in comparison with somewhat longer atomic chains. A further drawback of investigations performed on NWs suspended in tips is that tips may not be implementable in functional devices. Structural stability of longer NWs under device operating conditions and with respect to the likely atomic processes happening at these temperatures, however will play an important role in the integration of NWs in various technologies.
In the present paper, we intend to investigate stability of infinitely long gold NWs and concomitant quantum conductance in the wires from a detailed theoretical perspective. We have investigated the stability of two dimensional (2D) ribbon like gold NWs of different shapes with increasing number of rows. Besides the geometrical structure, the electronic structure has been analyzed to understand the correlation between the structure, stability and conductivity in these wires. Our results show that in the nanoregime the electronic contributions have an important role in determining the stability and conductivity of the NWs. We discuss the increased stability of (111) oriented NWs over (100) NWs based on the contributions of p electrons. All previous investigations on conductivity in NWs are limited to measuring the conductance, however, the electronic origins of conductance have not been investigated in detail.
We believe, this study will aid further systematic investigations into the effect of different alloying elements on the stability, conductivity and other physical properties of these and similar NWs, an area yet unexplored extensively. Such investigations especially related with NWs composed of magnetic and non-magnetic elements may reveal novel magnetic and conducting properties. The organization of the paper is as follows. In the next section, we describe the technical details of our simulations on the gold NWs. In Sec. III, we describe our results on the geometric structure and discuss the stability of the NWs based on their electronic structure. The correlation between electronic structure and conductivity is discussed in Sec. IV followed by a brief summary of the main results in Sec. V.
II. COMPUTATIONAL METHOD
We have performed total energy calculations based on ab intio density functional theory (DFT) as implemented in the Vienna ab initio Simulation Package(VASP). [15] [16] [17] The Projector Augmented Wave method (PAW) 18 and Generalized Gradient Approximation (GGA) 19 has been used to describe electron-ion interactions and exchange correlation interactions.
The NWs are modeled in a periodically repeated unit cell, whose dimensions are chosen in such a way that the wires are infinite and periodic in the x direction with 12Å vacuum spacing in y and z directions. A plane-wave energy cut-off of 229.9 eV (13.2 Ry) was used.
The energy convergence of linear wire was tested with respect to the number of k-points used for integrating the Brillouin Zone. 
where, E T is the total energy of the NW, E atom is the energy of single gold atom and n is the total number of atoms.
In order to understand the electronic and conduction properties of the NWs, we have performed band structure calculations. For the linear wire, the Brillouin zone integration has been performed from Γ(0,0,0) to X(0.5,0,0) direction with 10 equidistant kpoints. Except for the linear wire, all other geometries are two dimensional. Considering this, the two dimensional Brillouin zone has been integrated along Γ(0,0,0) to X(0.5,0.5,0)-direction using 10 equidistant kpoints. In order to understand the contributions of the electrons in the s, p and d states to the energy levels in the band structure, the 'fat band technique' was applied.
The technique has been developed and implemented by Jepsen et al. 23 in the LMTO-ASA tight binding method. We have developed a similar technique in VASP by giving a width to the electronic energy band that is proportional to the sum of the corresponding orthonormal orbital(s). The details of the technique of the 'fat band method' with VASP package are described in V. Kashid et al. 24 We have also performed spin polarized DFT calculations for the infinite NW geometries. These calculations show that infinite NWs are non-magnetic in nature.
The conducting properties of gold NWs are investigated based on the Landuaer-Büttiker formalism, 25 using the method of plane waves, 26 For each nanowire, the conductance is calculated as
where, T(E) is the transmission function at a particular energy and calculated as We optimized all the NW geometries by varying the bond lengths between the gold atoms in the periodic direction. 
Single and Double row NWs
The single row linear NW shown in Fig. 1(a) is well studied. The possible simplest 2D
NW with 2 rows of atoms are shown in Fig. 1(b minima as a function of bond angle for the ZZ structure. Our calculations are in confirmation with earlier observations that the ZZ structure is a metastable structure when compared with PR-1 structure. These results were arrived from the binding energy plot as a function of bond angle. 3, 4 The ZZ structure is at the higher minimum (-1.90 eV) and the PR-1 structure is at the lower minimum (-2.22 eV) of the binding energy plot. The RT-1 structure has a length of 2.65Å, width of 2.68Å and the bond angles of 90
• . The relativistic calculations by Nakamura et al. 27 have obtained 2.59Å as the length and width of the rectangular wire. 27 The PR-1 structure, is a more compact structure than the zigzag structure with all acute angles between the gold atoms. The length and width of parallelogram is 2.67Å and 2.76Å respectively. An average bond length of 2.76Å for parallelogram shaped NW has been reported earlier by Tavazza et al. under elastic deformation in between the tips.
7
The bond angle analysis shows that the parallelogram is formed of two isosceles triangles in disagreement with the structure reported by Fioravante et al., 31 which is made up of equilateral triangles. The preference for isosceles triangles over equilateral triangles is on account of symmetry breaking along the non-periodic y direction. The PR-1 structure is found to be the most stable double row NW, in agreement, with the earlier calculations by Portal et al. 3, 4 and Nakamura et al. 
Triple row NWs
We have examined three, triple row NW structures, double rectangular (RT-2), pentagonal (PNT), and double parallelogram (PR-2) as shown in Fig. 1 (c). We have also performed optimization of another three row geometry, i.e., the rhombus structure (not shown in the figure) . We find that further lattice optimization of the infinite length rhombus structure leads to the energetically lower PR-2 structure. Unlike the ZZ structure, which has a distinct minima in the binding energy versus lattice separation diagram, the rhombus structure does not reside in a distinct potential well. The optimization path smoothly curves down to the PR-2 structure. Recently, a single rhombus structure held between parallelogram NWs on both sides was observed as an intermediate structure during compression of linear NW.
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However, we would like to note that, so far, there have been no experimental reports of two dimensional rhombus shaped NW.
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The RT-2 structure, is made up of uniform rectangles stacked one on top of another, with a length of 2.70Å, and width of 2.62Å. The initial geometry set up for the PNT NW was made up of regular pentagons. Geometry optimization of this regular structure lead to a structure that has an admix of a RT-1 NW and a PR-1 NW as shown in Fig. 1c (ii). • . In the DZZ structure, the bond lengths have stretched by 0.12Å in comparison with the ZZ structure and the bond angles have reduced.
The RT-3 wire is interesting, as, it is the first NW geometry that exhibits dimerization in the y direction. Although dimerization in finite linear wires is well observed and reported, A, same, as that of the PR-2 NW.
Quintuple row NWs
We have investigated three, five row NW structures, centered hexagonal (CHX), quadruple rectangular (RT-4) and quadruple parallelogram (PR-4) as shown in Fig.1(e) . The CHX wire is generated from the HX wire (shown in Fig. 1d In general, as the number of rows in the NW increases, the bond lengths between the gold atoms along the length of the NW are seen to increase, whereas, the bond lengths perpendicular to the length decrease. Linear NW has the smallest bond length (2.61Å) and the PR-4 has the largest bond lengths (2.73Å). This bond length is smaller by 0.22Å in comparison with the bulk bond length of 2.95Å. The bond angles show an opposite trend.
The bond angles are decreasing with an increasing number of rows in the NWs. In the PR shaped NW's, the bond angles are converging with increasing number of rows to their bulk value of 60
• . Within a particular number of rows, the bond lengths of the less stable NW structures are smaller than the bond lengths of the most stable NWs.
Similar to finite gold NWs, 34 dimerization along the finite second dimension of the wire, is observed in RT-3, PR-3, RT-4 and PR-4 NWs. We would like to note that the structure of RT-3 and RT-4 wires is similar to zero thickness nanoribbon of (100) surface and that of PR-3 and PR-4 wires is similar to a zero thickness nanoribbon of (111) surface.
B. Stability
The stability of linear wires has been investigated earlier by Nakamura et al. 27 and Portal et al. In order to investigate this, we have listed the NWs in ascending order of stability in Table   I . The number of atomic rows in the non-periodic direction are also listed. In agreement with the earlier calculations, 3 we observe that the LR wire is less stable. The ZZ NW is stable over linear NW by 0.2 eV and the PR-1 wire is stable over ZZ and RT-1 wire by 0.32 eV and 0.13 eV, respectively.
In the three row NW structures, the PR-2 wire is more stable over the RT-2 and PNT wires by 0.15 eV and 0.07 eV, respectively. In the four row structures, the DZZ is stable by 0.31 eV in comparison with the HX NWs. This DZZ NW has been considered to be a "magic structure" adopted by NWs during the thinning process. 31 Interestingly, this four row structure is less stable not only in comparison with the three row PNT and PR-2 NWs but also in comparison with all other four row (except hexagonal) and five row NWs. In the five row structures, the CHX wire is less stable by 0.22 eV in comparison with the PR-4. It is most interesting to note that the RT-4 NW is stable over the CHX wire by 0.01 eV.
It is clearly evident from the results in Table I , that the stability of the NWs does not increase linearly with an increase in the number of rows in the structures. To further investigate the stability of the gold NW structures, we have performed a nearest neighbor analysis of the structures based on the charge density distribution (charge density plots not included here). The spatial distribution of electronic charge is observed to be symmetric along the bonding direction of atoms in the NWs. The charge density distribution of the NWs shows that as one goes from linear to PR-4 structure, there is an increased sharing of electrons between the atoms. The homogeneous distribution of electron density in all the NWs investigated here, is indicative of metallic bonding in the NWs.
The number of nearest neighbors of the different atoms in the NWs are listed in Table   II along with the number of bonds per atom. In the nearest neighbor column of Table   II Our analysis of DOS shows that all wires are metallic except for the DZZ which has a gap of 1.04 eV at the Fermi level. This is the only wire that exhibits semiconducting characteristics, in agreement with the calculations by Fioravante et al. 31 The DOS shows that within a particular number of rows, the most stable NW has a higher delocalization of d electrons.
In the investigations on the stability of LR and ZZ wires, it has been argued that in the LR wire the d states are spread till the Fermi level destabilizing these wires in comparison with the ZZ wires. 3 Nakamura et al. 27 and Portal et al. in the transmission for the complete energy range. Another interesting feature observed is that in rectangular NWs, the conductance is related with the number of rows whereas, in parallelogram NWs, the conductance is less than the number of rows of atoms, in agreement with Kurui et al. 29 We give an explanation for this based on density of states analysis subsequently.
To understand the origin of conductance in different structures, we have performed fat band analysis of the 14 NWs. In Fig.4 , we have shown only 3 representative structures viz., the most investigated LR, second most stable RT-4 and highest stable PR-4. In general, we observe that in all gold NWs, the conductance channels are formed by hybridization of s, Furthermore our study of the stability analysis of the fourteen structures reveals that the linear wire is the least stable and the quadruple parallelogram NW is the most stable.
Contrary to conventional logic, the stability of the NWs does not increase merely with an increase in the number of rows in the NWs but the structure plays an important role. Our calculations demonstrate that the four row hexagonal NW has lower stability than double row pentagonal NW. Some other four and five row NWs also have a lower stability than the triple row PR-2 NW. These results demonstrate that, besides the increased coordination with increasing number of rows of atoms, the geometrical structure plays an important role in determining the stability of NWs. Structural shapes that increase the delocalization of s, p and d electrons show an enhanced stability.
We find that the stability of rectangular motif is second to that parallelogram motif and the difference in their energies increases with increasing number of atomic rows in the nonperiodic direction. The quadruple rectangular and quadruple parallelogram are similar to zero thickness nanoribbons of (100) and (111) surfaces, respectively. Our results for NWs with extended rows of atoms until the zero thickness limit show that (111) oriented single layer films have higher stability than (100) single layer films.
Our electronic structure investigations into the stability of 2D nanowires imply that if experimental thinning process were to be carried out on thicker gold NWs then it would result in observation of sequence of PR-4 structure followed by PR-3 structure to PR-2 structure and then to LR structure. Unstable single atom linear chains would be observed in the end just before breaking. In fact, our conclusions have been partly verified in available literature. Recent work by Kurui et al. 29 observed stepwise triple, double and single strands of (111) and (100) 
